Patients with paracoccidioidomycosis (PCM) exhibit a suppression of the cellular immune response characterized by negative delayed-type hypersensitivity (DTH) to Paracoccidioides brasiliensis antigens, the apoptosis of lymphocytes, and high levels of expression of cytotoxic-T-lymphocyte-associated antigen 4 (CTLA-4), interleukin-10 (IL-10), and transforming growth factor ␤ (TGF-␤). The aim of this study was to investigate whether and how regulatory T cells (Treg cells) are involved in this immunosuppression by analyzing the number, phenotype, and activity of these cells in patients with active disease (AD group) and patients who had received treatment (TD group). Our results showed that the AD patients had more Treg cells than the TD patients or controls (C group) and also had elevated levels of expression of regulatory markers (glucocorticoidinduced tumor necrosis factor [TNF] receptor-related protein [GITR], CTLA-4, CD95L, LAP-1, and CD38). An analysis of regulatory activity showed that Treg cells from the AD group had greater activity than did cells from the other groups and that cell-cell contact is mandatory for this activity in the C group but was only partially involved in the regulatory activity of cells from AD patients. The addition of anti-IL-10 and anti-TGF-␤ neutralizing antibodies to the cultures showed that the production of cytokines may be another mechanism used by Treg cells. In conclusion, the elevated numbers of these cells with an increased regulatory phenotype and strong suppressive activity suggest a potential role for them in the immunosuppression characteristic of paracoccidioidomycosis. In addition, our results indicate that while Treg cells act by cell-cell contact, cytokine production also plays an important role.
Infections caused by fungi are currently among the most life-threatening diseases. Paracoccidioidomycosis (PCM), a disease caused by the dimorphic fungus Paracoccidioides brasiliensis, is the major cause of systemic mycosis in Latin America (8) . Skin test surveys using antigens of P. brasiliensis showed that the majority of infected individuals in areas where the disease is endemic do not manifest any clinical symptoms of the disease (15) . The natural route of infection is almost certainly the inhalation of fungal conidia, which usually leads to asymptomatic infection (15) . The disease presents with a wide spectrum of clinical and immunological manifestations, varying from benign and localized forms to severe and disseminated forms. According to current classifications, PCM may be divided into three major groups: the asymptomatic infection observed for healthy individuals who live in areas of endemicity and exhibit a positive delayed-type hypersensitivity (DTH) test (positive PCM infection [PI] ) and two clinical forms of the disease, known as the acute or juvenile form (JF) and the chronic or adult form (AF) (8, 15) . The JF affects young patients of both sexes equally. It is characterized by systemic lymph node involvement, hepatosplenomegaly, and bone marrow dysfunction and resembles a lymphoproliferative disease. The AF almost always affects adult males, and its clinical presentation is very heterogeneous, ranging from isolated lesions in the respiratory tract (mild or benign forms) to widely disseminated forms (8, 15) .
The pattern of the immune response to P. brasiliensis is believed to determine disease progression and clinical outcome. Effective defense against P. brasiliensis depends mainly upon Th1 cells, and acquired resistance is governed by cytokines that activate T cells and macrophages. Among these, tumor necrosis factor alpha (TNF-␣) and gamma interferon (IFN-␥) play a particularly prominent role (9, 10) . However, paracoccidioidomycosis patients, particularly those with the most severe forms of the disease, show an impaired cellular immune response characterized by the production of large amounts of suppressive cytokines such as interleukin-10 (IL-10) and transforming growth factor ␤ (TGF-␤) as well as reduced levels of production of IFN-␥ and TNF-␣ (22) (23) (24) 31) . Peripheral blood cells of paracoccidioidomycosis patients also exhibit high levels of expression of Fas ligand (Fas-L, or CD95L) and cytotoxic-T-lymphocyte antigen 4 (CTLA-4), which are involved in increased apoptosis-induced cell death (11) . Altogether, these characteristics may be indicative of the involvement of regulatory T cells (Treg cells) in the immunosuppression observed for these patients, as the suppressive effects associated with these cells are known to be exerted through mechanisms involving these molecules (40) . Treg cells were initially described as a unique population of CD4 ϩ T cells that prevent the proliferation of self-reactive lymphocytes and subsequent autoimmune disease. They are classically defined by their constitutive expression of CD25 (also known as the IL-2 receptor ␣-chain) (40) and also express CTLA-4, the tumor necrosis factor family member GITR (glucocorticoid-induced TNF receptor-related protein), CD38, CD103, and membrane-bound TGF-␤1 (40) . However, none of these markers are specific to natural Treg cells, as they can also be expressed by activated T cells. The expression of the transcription factor Foxp3 is the most definitive signature of natural Treg cells in mice, but its expression can also be transiently upregulated by activated human T cells (44) . Treg cells can suppress cell proliferation and immune responses by means of several mechanisms, including cytokine production, cell-cell contact, and the synthesis of immunosuppressive metabolites. The regulation of the cell-mediated immune response has been demonstrated for both infectious and autoimmune diseases, and it has been shown that Treg activity can dampen host immunopathology and benefit pathogens, allowing disease chronification (40) .
A recent study of human paracoccidioidomycosis showed that although patients and healthy individuals have the same numbers of circulating Treg cells, the cells in the former group exhibit greater suppressive activity (13) . These findings indicate that these cells may play a role in the immunosuppression observed during the course of the disease. To our knowledge, there are, with the exception of the study mentioned above, no data in the literature about the mechanisms through which Treg cells exert their suppressive function in PCM or the effect of antifungal treatment on the number and activity of these cells. The objective of this study was therefore to further explore these questions.
MATERIALS AND METHODS

Samples.
Peripheral venous blood was collected from healthy donors (control [C] group) and PCM patients, the latter being divided into two groups: patients with active disease (AD group) selected before or within the first month of treatment and patients who had received treatment, had negative serological tests for P. brasiliensis, and had no clinical signs of the disease (TD group). All PCM patients were presenting (AD), or presented before the treatment (TD), the multifocal or disseminated adult form or the juvenile form of the disease. Diagnosis was confirmed by the detection of the fungus in clinical specimens and serological tests, which were carried out at the Hospital de Clínicas, State University of Campinas (UNICAMP). In accordance with the rules of the Medical Research Ethics Committee at the Faculty of Medical Sciences, UNICAMP, all individuals signed a voluntary informed-consent form agreeing to participate in the study.
Immunohistochemical analysis. Biopsy specimens were taken from 10 patients with paracoccidioidomycosis who were being cared for at the Hospital de Clíni-cas, State University of Campinas, São Paulo, Brazil. The biopsy specimens were obtained for diagnostic purposes before the treatment began. Paraffin-embedded sections (5 m) were deparaffinized, rehydrated in a graded alcohol series, placed into Tris-buffered saline (TBS), and then boiled at 95°C in citrate buffer (pH 6.0), for 30 min for antigen retrieval. Nonspecific protein binding was blocked by incubating the material with a serum-free protein block (Dako Corporation, Carpinteria, CA). The slides were then incubated with the primary goat anti-human Foxp3 monoclonal antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA) for 1 h at 37°C in a humidifying chamber. The signal was visualized with the Envision amplification system (Dako Corporation, Carpinteria, CA) according to the manufacturer's instructions. The slides were counterstained with Mayer's hemalum (Merck, Darmstadt, Germany).
Flow cytometry. To reduce the effect of the in vitro activation of T cells, phenotypic analysis of Treg cells was carried out in total ex vivo blood samples after red cell lysis. The leukocytes were incubated for 20 min at 4°C with either antibodies against surface molecules (CD4, CD25, CD62L, CD38, CD103, CD95, CD95L, GITR, CD152, and CCR5; all from BD Biosciences, San Jose, CA) conjugated to fluorescein isothiocyanate (FITC), phycoerythrin (PE), or PE-Cy5 or biotinylated anti-surface TGF-␤1 (LAP-1) and anti-Toll-like receptor 2 (TLR2) (both from R&D Systems, Minneapolis, MN). After incubation the cells were washed and, in the case of TGF-␤1 and TLR2, incubated with streptavidin-PE conjugate (Invitrogen-Caltag, Carlsbad, CA) for an additional 15 min. After an additional wash, the cells were fixed with 2% paraformaldehyde, permeabilized with saponin (0.5% in phosphate-buffered saline [PBS]) for 10 min at 4°C, and incubated with anti-Foxp3 antibody (Biolegend, San Diego, CA) for 30 min at 4°C, followed by another wash and fixation step.
To analyze cell proliferation, peripheral blood mononuclear cells (PBMCs) or CD4 ϩ T cells (isolated as described below) were labeled with carboxyfluorescein deacetate succinimidyl ester (CFSE; final concentration of 1.5 M) and cultured for 5 days (see below). After this period, the cells were harvested and further labeled with anti-CD4 antibodies (PE-Cy5) and fixed, as described above. The cells were acquired with a FACScalibur flow cytometer, and the analysis was performed by using FCS Express software (De Novo Software).
Purification of CD4 ؉ CD25 ؉ and CD4 ؉ CD25 ؊ T cells. PBMCs were isolated by using Ficoll-Hypaque (Pharmacia Biotech, Piscataway, NJ) density gradient centrifugation and then washed, counted, and used to isolate T-cell subpopulations. CD4 ϩ CD25 ϩ (Treg cells) and CD4 ϩ CD25 Ϫ T cells were isolated by using the CD4 ϩ CD25 ϩ regulatory T-cell isolation kit (MACs; Miltenyi Biotec, Bergisch, Gladbach, Germany) according to the manufacturer's instructions.
Media. All cells were grown in RPMI 1640 medium (Invitrogen Life Technologies) supplemented with 10% heat-inactivated AB normal human serum, 100 U/ml gentamicin, 2 mM L-glutamine, and 1 mM sodium pyruvate (all from Sigma-Aldrich, St. Louis, MO).
Cocultures and proliferation assays. To evaluate the possible role of suppressive cytokines produced by CD4 ϩ CD25 ϩ T cells on the proliferative response of PBMCs or CD4 ϩ CD25 Ϫ T cells, the culture media were supplemented with recombinant human TGF-␤ (0.2 ng/ml) and/or IL-10 (2 ng/ml) or with neutralizing antibodies against IL-10 (1 ng/ml) and/or TGF-␤ (0.25 ng/ml). To investigate whether the suppressive effect of CD4 ϩ CD25 ϩ T cells on proliferation was a result of the consumption of growth factors (particularly IL-2), we supplemented the coculture medium with recombinant IL-2 (0.5 ng/ml) or neutralizing anti-IL-2 antibody (100 ng/ml) or treated CD4
ϩ CD25 ϩ T cells with anti-CD25 blocking antibody (1 g/ml) prior to coculturing. After the culture period, the cells were harvested and analyzed by flow cytometry as described above. All recombinant cytokines and neutralizing/ blocking antibodies were obtained from R&D Systems (Minneapolis, MN).
ELISA for cytokines. To measure the production of IL-10 and TGF-␤ in the cocultures, 1 ϫ 10 6 CD4 ϩ CD25 Ϫ T cells were cultured as described above in 1 ml of culture medium at 37°C in a humidified atmosphere containing 5% CO 2 in 24-well plates (Costar, Cambridge, MA). Culture supernatants were removed after 48 h and assayed for cytokine production. Cytokine concentrations were determined by a specific enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's instructions (R&D Systems, Minneapolis, MN).
Real-time reverse transcription (RT)-PCR.
PBMCs from patients and healthy donors were obtained by centrifugation on a Ficoll-Hypaque density gradient. Total RNA was extracted with Trizol (Invitrogen, Carlsbad, CA), quantified by spectrophotometry (NanoDrop; Thermo Scientific, Waltham, MA), and treated with human DNase I to eliminate genomic DNA contamination. After DNase treatment, 1 g of total RNA was used for cDNA synthesis, and the cDNA was amplified by using Sybr green PCR master mix and real-time PCR equipment (StepOne system; Applied Biosystems, Foster City, CA). The results were expressed as relative expression (2 Ϫ⌬⌬CT ), as described previously by Livak and Schmittgen (19) , normalized to the ubiquitin gene. The following primers were used: forward primer 5Ј-ATT TGG GTC GCG GTT CTT G-3Ј and reverse primer 5Ј-TGC CTT GAC ATT CTC GAT GGT-3Ј for ubiquitin, forward primer 5Ј-GAA ACA GCA CAT TCC CAG AGT TC-3Ј and reverse primer 5Ј-ATG GCC CAG CGG ATG AG-3Ј for Foxp3, forward primer 5Ј-GGC CAG GGC ACC CAG TCT-3Ј and reverse primer 5Ј-TCG AAG CAT GTT AGG CAG GTT-3Ј for IL-10, and forward primer 5Ј-TGA GGG CTT TCG CCT TAG C-3Ј and reverse primer 5Ј-CGG TAG TGA ACC CGT TGA TGT-3Ј for TGF-␤.
Statistical analysis. The results for the different groups were analyzed by using one-way analysis of variance (ANOVA), followed by the Bonferroni multiple-VOL. 78 
RESULTS
Numbers and phenotypes of peripheral CD4
؉ CD25 ؉ and CD4
؉ CD25 ؉ Foxp3 ؉ T cells. As mentioned above, PCM is characterized by a wide range of clinical and immunological manifestations, which reflect in the clinical forms of the disease. In order to eliminate these intrinsic differences, we analyzed only patients presenting the multifocal (disseminated) AF or the JF of PCM. These patients, despite their differences in clinical manifestations, present similar immunological responses, characterized by the immunosuppression of cellular immune mechanisms, as demonstrated by previous studies (7, 24, 31) .
The transcription factor Foxp3, although not exclusive, is the most specific marker for Treg cells (44) . For this reason we first analyzed Foxp3 mRNA expression in PBMCs from patients with active disease (AD group), patients who had been treated and clinically cured (TD group), and healthy controls (C group). Foxp3 mRNA levels were measured by the relative ⌬⌬C T quantification method, and the ubiquitin gene was used as an endogenous control. Our results showed that the expression of Foxp3 mRNA is four times higher in PBMCs from the AD group than in those from the control or TD group (Fig.  1A) , indicating a possible increase in number of Treg cells in the circulation of PCM patients. To confirm these data, we evaluated the phenotype of CD4 ϩ T cells in the peripheral blood of PCM patients and healthy controls by flow cytometry. The results showed a higher number of CD4 ϩ CD25 ϩ cells in the circulation of patients with active PCM than in patients who had been treated or controls (Fig. 1B) . In addition, Foxp3 ϩ cells were more frequent in CD4 ϩ CD25 ϩ lymphocytes from the AD group than in those from the other groups analyzed (Fig. 1C) .
The higher levels of expression of CD25 and Foxp3 found in lymphocytes from patients with active PCM may be indicative of an elevated number of Treg cells, but as human activated T cells also express these molecules transiently, we used flow cytometry to investigate another activation marker, the CD69 molecule, as well as the expression of the following markers associated with the regulatory activity of Treg cells: CTLA-4, GITR, CD38, CD95L, LAP-1 (membrane-bound TGF-␤), CD62L, CD103, and CD95. Using different gates, we analyzed these markers in the population of CD4 ϩ T cells that expressed or did not express the CD25 molecule (CD4 ϩ CD25 ϩ and CD4 ϩ CD25 Ϫ , respectively). The activation marker CD69 was not differentially expressed among the groups (data not shown). However, analysis of the regulatory markers showed higher surface expression levels of GITR, CTLA-4, CD95L, LAP-1, and CD38 in CD4 ϩ CD25 ϩ cells from patients with active disease (AD group) than in the same cells from individuals who had received treatment (TD group) or controls (C group) (Fig. 1D) . CD4 ϩ CD25 Ϫ T cells from all groups expressed low or undetectable levels of these regulatory markers (data not shown). These findings indicate that there is an increased number of Treg cells in the peripheral blood of PCM patients with active disease and that this number drops to levels similar to those found in healthy individuals after effective antifungal treatment.
In addition to the presence of an augmented number of peripheral CD4 ϩ CD25 ϩ T cells, the analysis of all lesions from patients with PCM showed numerous Foxp3-positive cells in the inflammatory infiltrate surrounding the granulomatous reaction (Fig. 1E) . The controls, done in the absence of a specific antibody, were always negative (Fig. 1F) .
Evaluation of the suppressive activity of CD4 ؉ CD25 ؉ T cells. To evaluate the suppressive activity of CD4 ϩ CD25 ϩ and CD4 ϩ CD25 Ϫ T cells, we cocultured allogeneic PBMCs (from healthy controls) stimulated with ConA and CD4 ϩ CD25 ϩ or CD4 ϩ CD25 Ϫ T cells from patients with active PCM (AD group), patients who had received treatment (TD group), or healthy individuals (C group). The PBMCs were labeled with CFSE and stimulated for 96 h, after which the cells were labeled with anti-CD4 antibodies and analyzed by using flow cytometry. The results were expressed as the percentage of proliferating cells, as determined by the decrease in the intensity of CFSE fluorescence.
In all three groups, CD4 ϩ CD25 ϩ T cells, but not CD4 ϩ CD25 Ϫ T cells, were able to inhibit the proliferation of allogeneic PBMCs, and the suppressive effect was number dependent ( Fig. 2A) . CD4
ϩ CD25 ϩ T cells were also found to exert a suppressive activity on autologous CD4 ϩ CD25 Ϫ T cells, as the results showed that the proliferation of these cells in the presence of Treg cells was also inhibited (Fig. 2B) .
Next, we examined the effect of autologous CD4 ϩ CD25 ϩ T cells in cocultures stimulated with P. brasiliensis cellular antigen (cAg). As expected, only cells from patients (AD and TD groups) were able to respond to the antigenic stimulus (Fig.  2C ). In addition, the ability of CD4 ϩ CD25 ϩ T cells to inhibit the proliferative response to P. brasiliensis antigen was number dependent (most notably in the AD group). As can be observed in Fig. 2A to C, the suppressive effect of CD4 ϩ CD25 ϩ T cells from patients with active disease was greater than that induced by CD4 ϩ CD25 ϩ T cells from controls and patients who had received treatment.
Interestingly, purified CD4 ϩ CD25 Ϫ T cells from patients with active disease showed a response to ConA or cAg stimuli similar to that observed for patients who had received treatment ( Fig. 2B and C) . Before purification, T cells from patients with active disease exhibited a diminished response to both unspecific and specific stimuli compared with T cells from patients who had been treated (Fig. 2D) .
Evaluation of cell-cell contact requirement for the suppressive activity of CD4 ؉ CD25 ؉ T cells. To investigate the requirement for cell-cell contact for CD4 ϩ CD25 ϩ T cells to exert suppressive activity, the experiments described above were repeated by using a Transwell system (0.4-mm membrane). As can be observed in Fig. 3A , when the CD4 ϩ CD25 ϩ T cells from healthy individuals or patients who had received treatment were separated from PBMCs, the suppressive effect on proliferation was eliminated. However, the separation of CD4 ϩ CD25 ϩ T cells from patients with active disease only partially reversed the suppressive effect of Treg cells on allogeneic PBMCs.
The results for the suppressive activity of CD4 ϩ CD25 ϩ T cells on the proliferation of autologous CD4 ϩ CD25 Ϫ T cells stimulated with ConA were similar to those obtained with PBMCs. In the cocultures using the Transwell system, the inhibition of proliferation in the cells from healthy individuals and patients who had been treated was completely reversed, whereas in cells from the patients with active disease, it was only partially reversed (Fig. 3B) .
These data indicate that although the CD4 ϩ CD25 ϩ Treg cells from all the groups were able to suppress the proliferation of allogeneic PBMCs, the underlying regulatory mechanisms in the cells from each group were at least partially different.
Role of IL-10 and TGF-␤ in the suppressive activity of CD4 ؉ CD25 ؉ T cells from patients with paracoccidioidomycosis. As demonstrated above, the suppressive activity of CD4 ϩ CD25 ϩ Treg cells from patients with active disease is only partially dependent on cell-cell contact. To investigate whether this function was also mediated by soluble factors such as the suppressor cytokines IL-10 and TGF-␤, cocultures were set up in Transwell systems, as described above, in the presence of neutralizing antibodies. As shown in Fig. 4A , the coculture of allogeneic PBMCs with CD4 ϩ CD25 ϩ T cells from patients with active disease (ratio of 1:2) inhibited cell proliferation by approximately 50%, and the separation of CD4 ϩ CD25 ϩ T cells from PBMCs using the Transwell system partially reversed this suppressive effect. In contrast, the addition of anti-IL-10 and anti-TGF-␤ antibodies (alone or in combination) was able to abolish the suppressive effect of Treg cells (Fig. 4A) . The addition of antibodies in cocultures of PBMCs and CD4 ϩ CD25 ϩ T cells on October 15, 2017 by guest http://iai.asm.org/ combined) resulted in an inhibitory effect similar to that observed for cocultures with CD4 ϩ CD25 ϩ T cells. Furthermore, the addition of neutralizing antibodies against these two cytokines (alone or combined) was able to completely eliminate the suppressive effect exerted by CD4 ϩ CD25 ϩ T cells. Another mechanism used by Treg cells is the consumption of growth factors, notably IL-2, a cytokine essential to the survival and proliferation of conventional CD4 ϩ T cells. In our system, the addition of recombinant IL-2 in cocultures of PBMCs and CD4 ϩ CD25 ϩ T cells resulted in an increased proliferation rate. However, the effect of the treatment of CD4 ϩ CD25 ϩ T cells with anti-CD25 (IL-2 receptor-blocking antibody) was not conclusive, as patients' responses varied greatly (Fig. 4B) . Nevertheless, the results indicate that the consumption of IL-2 may be an additional mechanism used by CD4 ϩ CD25 ϩ T cells to exert their suppressive effect on allogeneic PBMCs.
Analysis of IL-10 and TGF-␤ mRNA expression by PBMCs from patients with active disease, patients who had received treatment, and healthy individuals. As demonstrated above, the suppressive effect of Treg cells from patients with active disease may be at least partially a result of the production of suppressor cytokines. We therefore decided to determine the relative levels of mRNA expression for IL-10 and TGF-␤ in PBMCs from patients and controls. Figure 5A shows that IL-10 mRNA expression is approximately three times higher in patients with active disease than in healthy individuals or patients who had received treatment, whereas the level of expression of TGF-␤ mRNA was higher in both groups of patients than in healthy individuals, with the level of expression in the AD group being the highest (Fig. 5B) .
Production of IL-10 and TGF-␤ in supernatants of cocultures. To confirm the production of suppressive cytokines in cocultures of CD4 ϩ CD25 Ϫ T cells and CD4 ϩ CD25 ϩ Treg cells, we used ELISA to analyze the supernatants. As described above, CD4 ϩ CD25 Ϫ T cells were stimulated with ConA or the cellular antigen from P. brasiliensis (cAg) for 48 h in the presence or absence of autologous CD4 ϩ CD25 ϩ Treg cells from patients with active disease (AD group), patients who had been treated (TD group), or healthy individuals. As shown in Fig.  5C , when stimulated with ConA, the cells from the three groups produced large quantities of IL-10 in similar amounts. However, only cells from PCM patients (with active disease or who had been treated) produced this cytokine when stimulated with the specific antigen. While the presence of CD4 ϩ CD25 ϩ Treg cells inhibited the production of IL-10 by cells from the control patients or patients who had been treated, it led to a slight increase in the level of production of this cytokine by cells from patients with active disease (Fig. 5C ). 
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We observed that the presence of CD4 ϩ CD25 ϩ T cells did not have any effect on cocultures of cells from controls or patients who had been treated but that there was an increase in the level of production of TGF-␤ in cocultures of cells from the AD group (Fig. 5D) .
DISCUSSION
A shared characteristic of patients with both the adult and juvenile forms of paracoccidioidomycosis is the suppression of the cellular immune response, most notably in those with the more-severe forms of the disease (5-7, 26, 27, 31, 32) . However, the mechanisms involved in this immunosuppression are still not completely understood, although some studies pointed to an imbalance in the cytokine production profile (5-7, 18, 22-24, 31) .
After the "rediscovery" and characterization of a population of CD4
ϩ T cells with regulatory activity (34-36) , numerous studies have shown the participation of these cells in the regulation of the immune response in several infectious diseases (3, 4, 12, 13, 16, 29, 33) , including human paracoccidioidomycosis (13) . We have shown here that patients with active paracoccidioidomycosis have a higher percentage of CD4 ϩ CD25 ϩ Foxp3 ϩ T cells than healthy controls. We also observed that after effective antifungal treatment, the number of Treg cells in the circulation decreases concomitantly with patient recovery.
In a recent study, Cavassani et al. (13) failed to detect any difference between the percentages of circulating regulatory cells in paracoccidioidomycosis patients and healthy controls. These discrepant results may be attributable to the patients in the two studies being at different stages in their treatment, as we observed that the number of Treg cells decreases as the disease improves. However, corroborating our data, Cavassani et al. also found higher levels of expression of regulatory T-cell markers such as CTLA-4 and GITR in cells from patients than on October 15, 2017 by guest http://iai.asm.org/ in those from controls (13) . In our study, in addition to the elevated numbers of circulating regulatory cells, patients with active disease exhibited higher levels of expression of regulatory cell markers such as CTLA-4 (CD152), surface-bound TGF-␤ (LAP-1), GITR, CD95L, and TLR-2. CTLA-4 (CD152) plays an important role in the immunosuppression observed for paracoccidioidomycosis, as patients' PBMCs stimulated in vitro in the presence of neutralizing antibodies against this molecule recover their ability to proliferate and produce IFN-␥ (11). Our results showed that there were increased levels of expression of CTLA-4 in CD4 ϩ
CD25
ϩ T cells from patients with active disease and that they decreased after treatment. The interaction of CTLA-4 with its ligands (CD80 and CD86) expressed by dendritic cells (DCs) induces the production of IDO (indoleamine-2,3-dioxygenase), a potent inhibitory molecule that induces the production of proapoptotic mediators, which in turn suppress effector T cells (14) .
Patients with the active form of PCM also exhibit a higher frequency of circulating CD95L ϩ cells than controls and treated patients. CD95L and its ligand CD95 play a major role in the induction of apoptosis (17, 42) . It has been demonstrated that the CD95-CD95L interaction in human paracoccidioidomycosis induces the apoptosis of activated lymphocytes and that blocking this interaction in vitro results in a reduction in the level of apoptosis (11) .
In addition to elevated expression levels of CTLA-4 and CD95L, cells from the AD group also had elevated expression levels of GITR, which is expressed constitutively by regulatory T cells. The interaction of GITR with its ligand (GITRL), expressed in antigen-presenting cells (APCs), induces the proliferation of lymphocytes after T-cell receptor (TCR) engagement (38) . Thus, increased GITR expression levels in CD4 ϩ
ϩ Treg cells in patients with active disease may contribute to the expansion of this population of cells in the circulation. In experimental Candida albicans infection, the knockout of the GITR gene increases the survival of infected mice as a result of the increase in the level of production of Th1 cytokines (1) . GITR has other functions besides its role in the expansion and maintenance of the regulatory T-cell population. In a recently published work, it was demonstrated that the interaction between the GITR expressed in regulatory T cells and the GITRL expressed in B lymphocytes induces the production of immunoglobulins, particularly IgG4 (37) . Interestingly, paracoccidioidomycosis patients with severe forms of the disease typically produce elevated quantities of IgG4, which decrease with effective treatment (24) .
Recently, Sutmuller et al. (39) showed that Toll-like recep- (21) . In the present study we found that CD4 ϩ CD25 ϩ T cells from patients with active disease had higher levels of expression of TLR2 than those from patients who had received treatment but that the level of expression in the control group was similar to that in the AD group. Hence, the elevated level of expression of this receptor in patients with active disease may be related to the increased number of CD4 ϩ CD25 ϩ T cells observed. Although we did not observe differences in the expressions of CD103 and CCR5 between the groups, we found that these molecules are expressed predominantly in CD4 ϩ CD25 ϩ T cells. Mice deficient in CCR5 exhibit increased resistance to infection by Leishmania major, characterized by a low parasite burden and an increased number of IFN-␥-producing cells, which in turn is associated with a reduced number of regulatory T cells (43) . In a similar study it was demonstrated that CCR5-deficient mice infected with P. brasiliensis have a reduced fungal burden and smaller number of CD4 ϩ CD25 ϩ T cells in their lesions (25) .
A comparison of the functional activities of CD4 ϩ CD25 ϩ Treg cells from patients with active disease, patients who had received treatment, and healthy individuals revealed that these cells are able to reduce the proliferative response of allogeneic PBMCs or autologous CD4 ϩ CD25 Ϫ T cells but that the level of this activity was higher in the former group. This result agrees with the findings reported previously by Cavassani et al. (13) . Our results also indicated that after effective treatment, the number of CD4 ϩ CD25 ϩ T cells as well as their suppressive activity return to levels similar to those observed for healthy individuals. Interestingly, in the absence of CD4 ϩ
ϩ T cells, the proliferative responses of CD4 ϩ CD25 Ϫ T cells to the mitogen ConA and specific antigen cAg were similar for patients with active disease and patients who had received treatment, which was not the case before the cells had been separated.
The use of a Transwell system allowed us to confirm that the suppressive activity of Treg cells from patients with active disease and, notably, healthy individuals as well as patients who had received treatment is dependent on cell-cell contact. The results also showed that there are certain differences in the mechanisms used by cells from each of the groups analyzed here.
Cell-cell contact-mediated suppression is exerted by different mechanisms, which include CD95-CD95L-induced apoptosis, competition for engagement with costimulatory molecules mediated by CTLA-4, and suppressor signals induced by the ligation of the surface-bound TGF-␤ with its receptor in effector cells (40, 41) . The suppression exerted by TGF-␤ is believed to be an important mechanism used by regulatory T cells (2, 28) . A recent study showed that CTLA-4 signaling of CD25 ϩ cells enhances the suppressive signal by increasing the availability of TGF-␤ in the contact region between the cells (30) . As can be seen here, our results revealed an increase in the level of expression of membrane-bound TGF-␤ in regulatory T cells from patients with active paracoccidioidomycosis.
In experiments conducted to analyze the role of suppressor cytokines (IL-10 and TGF-␤), we first showed that the supplementation of media with recombinant IL-10 alone or combined with recombinant TGF-␤ has effects on PBMC proliferation similar to those observed for cultures in which CD4 ϩ
ϩ T cells were present. The neutralization of TGF-␤ and IL-10 in cocultures of PBMCs or CD4 ϩ CD25 Ϫ T cells with CD4 ϩ CD25 ϩ T cells from patients with active disease completely abrogated the suppressive activity of the latter. It is interesting that, unlike supplementation with recombinant TGF-␤, which had only a partial effect on cell proliferation, the addition of anti-TGF-␤ neutralizing antibody completely eliminated the suppressive effect of Treg cells. This result may be attributable to the neutralization of both soluble and membraneassociated TGF-␤.
Our results showed that PBMCs from patients with active disease express greater amounts of IL-10 and TGF-␤ mRNA than those from healthy individuals. Although the role of the production of suppressor cytokines (IL-10 and TGF-␤) by regulatory T cells remains unclear (40) and our results do not allow us to establish the cellular source of these cytokines, it can reasonably be supposed that the presence of regulatory T cells in cocultures increases the level of production of these proteins, at least in the AD group. We found that CD4 ϩ
ϩ cells suppress the production of IL-10 by cells from the TD or C group, while, on the contrary, they induced its production by cells from the AD group. These results may indicate that in the C and TD groups, the major source for this cytokine could be other than Treg cells, probably Th2 cells, which are suppressed by the addition of CD4 ϩ CD25 ϩ cells. Differently, in AD patients, the source of IL-10 (and TGF-␤) is probably CD4 ϩ CD25 ϩ cells, explaining the elevation of these cytokine levels in the presence of Treg cells.
Taken together, our results suggest that the activation of regulatory T cells (CD4 ϩ CD25 ϩ ) contributes to immune suppression during paracoccidioidomycosis infection and that the mechanism by which these cells exert their suppressive effect is mediated, at least partially, by cell-cell contact and the production of IL-10 and TGF-␤.
